Most of the published quantitative models in biology are lost for the community because they are either not made available or they are insufficiently characterized to allow them to be reused. The lack of a standard description format, lack of stringent reviewing and authors' carelessness are the main causes for incomplete model descriptions. With today's increased interest in detailed biochemical models, it is necessary to define a minimum quality standard for the encoding of those models. We propose a set of rules for curating quantitative models of biological systems. These rules define procedures for encoding and annotating models represented in machine-readable form. We believe their application will enable users to (i) have confidence that curated models are an accurate reflection of their associated reference descriptions, (ii) search collections of curated models with precision, (iii) quickly identify the biological phenomena that a given curated model or model constituent represents and (iv) facilitate model reuse and composition into large subcellular models.
To provide background to the motivations for MIRIAM, we provide here a number of case studies involving models encoded with the schemes described in this document.
User queries model database
In this scenario, a user wants to design a model of CDC2 function in the human cell-cycle. By interacting with a database consisting of models compliant with MIRIAM, this user searches all the models that contains CDC2 and represent cell cycle. Retrieving models of yeast and amphibian cell cycles, the user then reviews the models by reading the associated documentation and browsing other bioinformatics databases. By following links to databases of biochemical pathways, the user decides which model best describes what he/she knows about the function of CDC2 in the human cell cycle. The user then downloads this model and uses it as a basis for her/his own modeling work. All of the above is possible if this proposal is applied, ensuring that models correspond to associated reference descriptions and are appropriately annotated.
Journal peer review: JWS Online
In this use case, we describe how a journal peer review process could incorporate MIRIAM, using the example of the procedure carried out by JWS Online 9 with its associated journals. When a manuscript describing a kinetic model is submitted to those journals, the authors are requested to submit the model description in electronic form (encoded in an accessible standard format). A curator parses the model using software that automatically checks its syntax (for instance, SBML and CellML validation tools), and if necessary, corrects the model. The curator then performs the verifications described in the section on reference correspondence. In particular, he/she attempts to reproduce the model results, as shown in the manuscript. If this fails, the curator contacts the authors in an attempt to correct the errors in the description or coding. After the curators and authors reach agreement on model description and simulation results, the model is made available to the reviewers and the authors, in a secure manner. A letter is sent to the reviewers with a set of instructions on how they can test the model remotely, running simulations at JWS Online directly from their web browsers. If the manuscript is accepted by the journal for publication, the model is moved to the public database of JWS Online. Some of the benefits of the procedure are:
• Readers would not have to re-encode models into an accessible format based on the article.
• The reviewers and authors could resolve issues relating to the correspondence between the encoded model and the model described in the article, before publication. Any differences could be eliminated.
• Modelers would be motivated to resolve correspondence issues because the publication of their article would depend on it.
Curation pipeline
The model curation process requires significant effort and this effort will in practice be shared between curators and/or teams of curators, often at different sites. The subdivision of MIRIAM into components is useful for defining the relationships between these individuals and groups. We anticipate that some groups will concentrate on encoding models that comply with the proposal for reference correspondence and the attribution scheme for annotations. Other groups will then continue the curation process by annotating these models so that they comply with the external data resources annotation scheme.
Box 2 Case studies of MIRIAM-compliant models
microarray data, quantitative models will be useful only if their access and reuse is made easy for all scientists. Moreover, the next step towards a more synergistic view of living systems is assembling models into larger entities, by module reuse and assembly or modeling across different spatial, temporal or physiological scales. Both model retrieval and model composition require formal descriptions of model structure and semantics. Our separate groups have been active in the development of standards for encoding biological models in machine-readable formats (e.g., CellML 3 and SBML 4, 5 ) and of public repositories of computational models (such as BioModels Database 6 , Sigpath 7 , EcoCyc 8 , the CellML repository (http://www. cellml.org/examples/repository/), JWS Online 9 , RegulonDB 10 , DOQCS 11 ). We firmly believe in the value of expressing computational models using standardized, structured formats as a means of enabling direct interpretation and manipulation of those models by software tools. 3. The model must be clearly related to a single reference description that describes or references a set of results that one can expect to reproduce using the model. If the model is associated with only part of a reference description, then that part must be clearly identified (although failure to do so does not preclude MIRIAM compliance). If a model is derived from several initial reference descriptions, there must still be a reference description associated with the derived/combined model. 4. The encoded model structure must reflect the biological processes listed in the reference description. For instance, one should be able to map a reaction network in the encoded form to a reaction graph in the associated description. It is not essential that the constituents of the encoded model correspond one-to-one with the constituents described in the associated reference description. The software used to build
Box 3 Rules for reference correspondence P E R S P E C T I V E
Databases of quantitative models are valuable resources only if researchers can trust the quality of their content. Similarly, repositories are not useful unless users can search for specific models and then relate model constituents to other data sets such as bioinformatics databases and controlled vocabularies. To meet these needs, we believe four complementary aspects of the quality of an encoded model must be addressed: (i) the quality of the documentation (e.g., journal article) associated with the encoded model, (ii) the degree of correspondence between the encoded model and the documentation, (iii) the accuracy and extent of the annotations of the encoded model and (iv) whether the model is encoded in a machine-readable format, that is, a format that can be immediately and unambiguously parsed by software to perform simulations and analysis.
Most of the encoded models available in scientific publications or on the Internet are not in a standard format. Of those that are encoded in a standard format, it turns out that most actually fail compliance tests developed for these standards. Failures occur for a variety of reasons, ranging from minor syntactic errors to significant conceptual problems, including the incorrect specification of units. Even deeper semantic inaccuracies can lie in the structure of the model itself. Finally, there is no standard naming scheme for the model constituents, so the precise identification of constituents depends on the associated documentation/annotation. Most models available today are not annotated, and as a result, users are faced with such things as a reaction 'X' between the constituents 'A' and 'B,' producing 'C' and modulated by 'M.' As a consequence, models frequently have to be re-encoded in order to be reused, a process that in practice is often performed by a different person from the original author.
These quality issues must be addressed when curating model collections for public use, just as it is done for other type of biological data. One crucial step is the development of interchange standards 12 , such as those developed for microarray data 13 , protein interactions 14 or metabolic analyses 15 . By 'curation,' we mean the processes of collecting models, verifying them to some degree and annotating them with metadata.
1. The preferred name of the model, in order to facilitate discussions about it.
2. A citation of the reference description with which the model is associated. This citation can be a complete bibliographic record, a unique identifier such as a Digital Object Identifier (http://www.doi.org/), a PubMed identifier (http://www.pubmed. gov/) or, in the last resort, an unambiguous URL pointing to the description itself (but not a generic URL, for instance of an archive containing the description). The main point is that the citation should provide access to the complete description of the model and should make possible the identification of the authors of the reference description. These authors should be contacted if there are concerns with the biological basis of the model (such as the presence of an interaction undocumented in the scientific literature).
3. Name and contact information for the model creators, that is, the people who actually contributed to the encoding of the model in its present form. In many cases, there will be many creators who either encoded the model from scratch, or debugged it. For instance, the semantic curators of a database would be creators. The creators should be contacted if there are problems with the structure of the model (initial conditions, kinetics parameters, reaction scheme).
4. The date and time of creation, and the date and time of last modification. This is particularly important in order to know if a model has been modified since its creation, and to compare various versions of the same model. A history of the modifications could be useful, but is not required for MIRIAM compliance. A checksum could be useful to identify a specific version of a model, but is not required for MIRIAM compliance.
5. A precise statement about the terms of distribution. The statement can be anywhere from 'public domain' to 'copyrighted' and 'freely distributable' to 'confidential.' It is important to note that MIRIAM itself does not require free distribution, whether in the sense of 'freedom of use' or 'no cost.' However, MIRIAM is intended to allow models to be communicated better, and stipulating the terms of distribution are essential for that purpose. 
Box 3 Rules for reference correspondence (continued) P E R S P E C T I V E
We propose to standardize an approach to the curation of model collections and the encoding of models using a framework of rules we call MIRIAM, the Minimum Information Requested In the Annotation of Models. MIRIAM aims to define processes and schemes that will instill confidence in model collections, enable the assembly of meta-collections of models at the same high level of quality and allow the curation process to be shared among teams at different sites and institutions. The standard we propose is designed to cover encoding processes that may be conducted either up front by the model author or post hoc by a curator. However, we do not believe that the post hoc approach is particularly efficient, and prefer modelers to make their models available in standard formats. Box 2 describes some uses of MIRIAM.
Scope of MIRIAM
MIRIAM applies only to models linked to a unique reference description. MIRIAM does not address directly issues of quality of documentation (although sufficiently poor documentation can make a model impossible to curate). The assessment of the quality of documentation is well established in the scientific community. We expect that, by assessing the documentation describing quantitative models, peer reviewers (not the model curators) will assess the models' ability to represent and predict the quantitative behavior of biological systems and/or make an important theoretical contribution. Instead, MIRIAM focuses on the correspondence of an encoded model to its associated description and how the encoded model is annotated. In other words, even if it is MIRIAM compliant, a model may not necessarily make sense in biological terms. Conversely, many models that cannot be declared MIRIAM compliant may still be of high scientific interest.
We expect MIRIAM to apply mainly to quantitative models that can be simulated over a range of parameter values and provide numerical results. This encompasses not only models that can be integrated or iterated forwards in time, such as ordinary and partial differential equation models and differential algebraic equation models, but also other quantitative approaches such as steady-state models (e.g., Metabolic Control Analysis 16 , Flux Balance Analysis 17 ). Discrete approaches, such as logical modeling [18] [19] [20] or stochastic and hybrid Petri Net 21 , can also be considered when they can lead to specific numerical results. Although we are aware that this means we can cover only part of the modeling field, we make this our initial focus because only these models can lead to quantitative numerical results providing refutable predictions. The comparison of these predictions with the reference description of the model is a crucial test of MIRIAM compliance.
Overview of the proposal
MIRIAM is divided into two parts. The first is a proposed standard for reference correspondence dealing with the syntax and semantics of the model, whereas the second is a proposed annotation scheme that specifies the documentation of the model by external knowledge.
Standard for reference correspondence
The aim of this proposal is to ensure that the model is properly associated with a reference description and is consistent with that reference description. To be declared MIRIAM compliant, a quantitative model must fulfill a set of rules dealing with its encoding, its structure and the results it should provide when instantiated in simulations. These rules are detailed in Box 3. To pass the various tests, and in particular the reproduction of described results, a modeler could be required to make minor changes to a model until it is truly consistent with the results given in the associated reference description. If the modeler is not one of the authors, ideally he/she should perform these modifications in collaboration with the authors. Examples include changing a few parameter and/or initial condition values.
P E R S P E C T I V E
When the model given in the text of the reference description is significantly different from the encoded model used to generate the results given in this text, the model cannot be curated and MIRIAM cannot be applied. For example, MIRIAM cannot be applied if a significant number of parameter values are different between the two models (the significance being judged by the curators). The original authors of the model should be encouraged to publish an erratum detailing the correct values.
Annotation schemes
The scheme for annotation is composed of two complementary components: attribution, covering the absolute minimum information that is required to associate the model with both a reference description and an encoding process, and external data resources, covering information required to relate the constituents of quantitative models to established data resources or controlled vocabularies.
The annotations must always be transferred with the encoded model. The ideal case is incorporating these annotations in the same file as the model itself, in a structured form such as the CellML metadata 22 or the SBML simple annotation scheme 23 . However, annotations could also be joined in another form, such as one or several accompanying files, in various formats, textual or graphical.
Attribution annotation
To be confident in being able to reuse an encoded model, one must be able to trace its origin and the people who were involved in its creation. In particular, the reference description has to be identified, as well as the authors and creators of the model. The information that must always be joined with an encoded model is listed in Box 4.
External data resources annotation
The aim of this scheme is to link model constituents to corresponding structures in existing and future open access bioinformatics resources. Such data resources can be, for instance, database or controlled vocabularies. This will permit the identification of model constituents and the comparison of model constituents between different models, but also the execution of queries on models to recover specific constituents in models. Possible sources of annotation for various types of constituents are listed in Table 1 .
This annotation must permit a piece of knowledge to be unambiguously related to a model constituent. The structure of an atomic element of the annotation is similar to the relationshipXref element of BioPAX (http://www.biopax.org/). The referenced information should be described using a triplet {"data-type," "identifier," "qualifier"}. The "data-type" is a unique, controlled description of the type of data. The "identifier," within the context of the "data-type," points to a specific piece of knowledge. The "qualifier" is a string that serves to refine the relation between the referenced piece of knowledge and the described constituent. Example of qualifiers are "has a," "is version of," "is homolog to." The qualifier is optional, and its absence does not preclude MIRIAM compliance. When a qualifier is absent, one assumes the relation to be "is."
The "data-type" should be written as a Unique Resource Identifier 24 . This URI can be a Uniform Resource Locator 25 or a Uniform Resource Name 26 . The URL or URN does not have to describe an actual physical location. It is up to the software tool reading the model to decide what to do with this URI. This software can, for instance, use the "identifier" with a search engine built on a database mirroring the "data-type." Alternatively, a reading tool translating the model can build a hyperlink using the "identifier" and another URL related to the "data-type."
The "data-type" and the "identifier" can be combined into a single URL, such as http://www.myResource.org/#myIdentifier or as a URN, for instance using the LSID scheme 27 of urn:lsid:myResource.org: myIdentifier.
To enable interoperability, the community will have to agree on a set of standard, valid URIs. An online resource will be established to catalog the URIs and the corresponding physical URLs of the agreed-upon "data-types," whether these are controlled vocabularies or databases. This catalog will simply list the URIs and for each one, provide a corresponding summary of the syntax for the "identifier." An application programming interface (API) can be created so that software tools can retrieve valid URL(s) corresponding to a given URI. Table 2 shows a small subset of this forthcoming list. Note that although MIRIAM compliance does not require such a list to exist, it is considered crucial to actually enforce MIRIAM usage, and to make it truly useful. The list will also have to evolve with the data resources.
It is important that model constituents be annotated with perennial identifiers. For example, the "entry name" field of UniProt 28 is not perennial but is modified on a regular basis to reflect the classification of the protein. However, the "accession" field of UniProt is perennial. Consider a model with an entity representing the protein calmodulin. An annotation of this entity referring to the UniProt record for calmodulin should therefore use a URI containing the "accession" field value for calmodulin "P62158" rather than the "entry name" field value "CALM_HUMAN."
Quite often, several identified biological entities, physical components or reactions are lumped in a single constituent of the model. For instance, successive reactions of a pathway may be merged into one reaction, or a set of different molecules is represented by one pool. The annotation must reflect this situation, either by enumerating the biological entities, or with a carefully chosen term from a controlled vocabulary (an example of a curated and annotated model is presented in Table 3 ).
